The molecular ecology of Mycobacterium avium subspecies paratuberculosis (MAP), the causative agent of Johne's disease, is not well understood in the United States. In this study, a DNA fingerprinting method, amplified fragment length polymorphism (AFLP), was used to subtype the pathogen and assess the clonal diversity of MAP in Minnesota dairy herds. Fifty-six fecal culture test-positive isolates from various Minnesota counties and culture dates were analyzed in this study. The AFLP identified 11 profiles with 50% of isolates representing 1 major profile. The major profile was distributed across the state. The genetic diversity of bovine MAP clones in Minnesota based on AFLP analysis of this data appears to be relatively low.
Introduction
Mycobacterium avium subspecies paratuberculosis (MAP) is the causative agent of Johne's disease, a chronic granulomatous enteritis of ruminants and other species. 11 Within the past decade, Johne's disease has been recognized as a threat to the US dairy industry, with estimated losses of $200 million per year in the United States because of the disease. 7 Fecal culture and enzyme-linked immunosorbent assay tests are available, but they lack the sensitivity and specificity to detect disease in all infected cattle. 4, 11, 12 With limited adoption of control programs to limit the spread of the disease in cattle herds and insensitive methods to detect disease in infected cattle, the risk of Johne's disease transmission in the United States has led to increased concern from the cattle industries and animal health officials.
Minnesota has the fifth largest milk cow population in the United States. 13 The heaviest distribution of milk cows in Minnesota runs from the northwest to the southeast corners of the state (Fig. 1 ). Dairy farmers in Minnesota are an important part of the National dairy industry, and questions regarding dairy cow health remain significant for sustained production.
Elucidating the molecular ecology of MAP is important for at least 2 reasons: improving the under-From the Center for Animal Health and Food Safety (Wells) standing of transmission and identifying important clones for use in diagnostic tests and exploring eradication. The clonal diversity of MAP in domestic ruminant populations is becoming increasingly understood. Methods such as restriction fragment length polymorphism and multiplex polymerase chain reaction (PCR) using IS900 loci have identified relatively few subtypes in Europe and, tentatively, around the world, suggesting that genetic diversity is quite low. 3, 9, 10 Amplified fragment length polymorphism (AFLP), a more recent DNA fingerprinting method applied to MAP, provides enhanced discriminatory ability, although it may not be specific enough for detailed epidemiological investigations. 1, 6 The AFLP analysis of MAP showed that isolates from different species and locations in the United States have a low degree of genetic variation. 6 The objective of this study was to identify subtypes of bovine MAP in Minnesota, using AFLP for DNA fingerprinting. The ability of AFLP to distinguish subtypes between and among herds was assessed and, secondarily, the distribution and diversity of subtypes was examined.
Materials and methods
Bacterial isolates. Fifty-six bovine fecal culture MAP isolates recovered from 33 Minnesota dairy cattle herds were received from the laboratory. a Fecal samples were collected by herd veterinarians as part of an ongoing voluntary Johne's disease control program run by the Minnesota Board of Animal Health. The fecal samples were tested using bacterial culture on agar b at the laboratory. a,14 Test-positive bovine isolates from this control program were analyzed in this study to evaluate the molecular ecology of the pathogen. All available isolates collected between January and June 2001 were tested. Only 1 isolate per animal was tested; however, some ,000-61,000 milk cows; medium shading: 3,000-7,000 milk cows; light shading: 2,000-3,000 milk cows; no shading: 1-2,000 milk cows.) of the isolates originated from the same farm. The cultures were regrown from a swab of test-positive colonies in liquid media for several months at 37 C in a 10 ml volume of 0.46% wt/vol broth c supplemented with 0.2% glycerol, 10% oleic acid, albumin (bovine, Fraction V), dextrose, catalase (OADC), d 20% Tween 80, and 0.01% Mycobactin J. e DNA isolation. The DNA was isolated using the enzymatic lysis method, as described previously. 2 In brief, a 1.5 ml volume of bacterial culture was pelleted by centrifugation and frozen overnight at Ϫ20 C. The pellet was resuspended in TE (Tris-HCl and ethylenediaminetetraacetic acid [EDTA], pH 8.0), and chloroform-methanol (2:1) was added. The 2 phases were removed after centrifugation. The remaining bacterial cells were resuspended in TE and incubated overnight in lysozyme f at 37 C. The cells were further lysed by proteinase K f and sodium dodecyl sulfate for 3 hrs at 55 C. The DNA was then extracted using standard phenol-chloroform extraction procedures and resuspended in water. Amplified fragment length polymorphism. Each step was performed as follows using a kit g ; all reagents were supplied by Perkin-Elmer except where noted. One restriction-ligation reaction was performed with 100 ng of DNA (in a final volume of 5.5 l), 1 l of T4 DNA ligase buffer, h 0.5 l of 1 mg/ml bovine serum albumin, h 1 l EcoRI adapter pair g (preheated at 95 C for 5 mins and allowed to cool to room temperature), 1 l MseI adapter pair g (also preheated), 1 l enzyme master mix, and 1 l of 0.5 M NaCl in a final volume of 11 l. The enzyme master mix for one reaction contained 0.1 l T4 DNA ligase buffer, h 5 U EcoRI, h 1 U MseI, h 8 U T4 DNA ligase, h and 0.1 l of 0.5 M NaCl in a final volume of 1 l. The restriction-ligation reaction was incubated at 25 C for 12 hrs. Preselective amplification was carried out with 2 l diluted restriction-ligation DNA (1:20 in water), 0.25 l of each AFLP preselective amplification primer pair (AFLP EcoRI Core Sequence [5Ј-GACTGCGTACCAATTC] g and AFLP MseI Core Sequence [5Ј-GATGAGTCCTGAGTAA] g ), and 7.5 l AFLP Amplification Core mix. g The preselective amplification thermal cycling reaction is given in the kit protocol. g Selective amplification was performed with 1.5 l diluted preselective amplification DNA (1:20 in water), 0.5 l of each AFLP-selective amplification primer pair, and 7.5 l PCR mix. One MseI-selective amplification primer MseIϩ0 [5Ј-GATGAGTCCTGAGTAA] g was paired with 1 of each EcoRI-selective amplification primer (labeled with a fluorescent dye at the 5Ј end):
The selective amplification thermal cycling reaction is also outlined in the kit protocol. Each reaction was repeated for each isolate at least once. If successful duplication of an AFLP fingerprint could not be obtained, the isolate was not included in the study.
Samples were prepared for electrophoresis on an ABI Prism 377 DNA Sequencer i by adding 1.25 l deionized formamide, 0.25 l blue dextran/50 mM EDTA, and 0.5 l Gene-Scan [ROX] 500 internal size standard i to 2 l of diluted selective amplification products (1:2 in water). The mixture was heated at 95 C for 3 mins and quick chilled on ice before loading into a 5% Long-Ranger denaturing gel i in 1ϫ Tris-base boric acid EDTA (TBE) running buffer.
AFLP analysis. The AFLP fingerprints were scanned and analyzed using Gene Scan 3.1, i Genotyper 2.1, i and Molecular Analyst software. j Dendrograms were generated for each of the 3 AFLP-selective primers using the Dice coefficient, the unweighted pair group method using arithmetic averages, and a 95% similarity coefficient. Profiles were then created by combining the subtype results obtained for each AFLP-selective primer and were designated by letters. The discriminatory index for the isolates in this study was also calculated. 5
Results

AFLP fingerprinting of Minnesota bovine isolates of MAP.
The AFLP-selective primers 5Ј-FAM-EcoRIϩA and MseIϩO identified 8 subtypes; 5Ј-JOE-EcoRIϩG and MseIϩO identified 3 subtypes; and 5Ј-NED-EcoRIϩC and MseIϩO identified 1 subtype. Dendrograms were generated from each AFLP-selective primer ( Figs. 2a, 2b, 2c ). The AFLP DNA fingerprinting of the 56 isolates in this study identified 11 profiles ( Table 1) after combination of the individual subtypes from the AFLP-selective primers. Profiles were lettered A through K. Most isolates represented profile E (51.8%, 29/56). The second largest profile, H (19.6%, 11/56), comprised less than half the total number of isolates included in profile E. Profile E was approximately evenly distributed throughout the time period of culture. The discriminatory index for the isolates analyzed was 0.70. The MAP isolates studied here exhibited a relatively small number of bands compared with other studies (Amonsin, PhD Thesis, University of Minnesota, 1999) and few polymorphic sites, detailed by the dendrograms (Fig. 2) . Combination of AFLP-selective primers 5Ј-FAM-EcoRIϩA and MseIϩO generated at most 10 AFLP fragments with 3 polymorphic sites. Six polymorphic regions were identified by AFLP-selective primers 5Ј-NED-EcoRIϩC and MseIϩO among a total of 27 possible AFLP fragments generated. The highest number of polymorphic sites, 8, was identified by AFLP-selective primers 5Ј-JOE-EcoRIϩG and MseIϩO from a total of 22 AFLP fragments.
The distribution of MAP isolates representing profile E within each county in Minnesota was diagrammed ( Fig. 3) . The AFLP profile E was distributed across Minnesota, with the majority of isolates originating from the southeastern portion of the state. The AFLP profile H was also distributed across the state but was more highly concentrated in southeastern Minnesota. This apparent clustering was simply based on numbers of each profile. Except for profiles E and H, none of the other identified profiles appeared to cluster in any 1 region of the state.
Thirty-three farms in Minnesota were represented in this study. Two-thirds of the farms contributed 1 isolate for AFLP analysis; between 2 and 7 animals were tested from farms contributing multiple animals. Among the farms with more than 1 isolate analyzed, profiles within 4 farms were the same and profiles from 6 farms were represented by 2-3 different subtypes. Seventeen farms (51.5%) had at least 1 isolate from profile E, whereas 9 farms (27.2%) had at least 1 isolate from profile H.
Discussion
A limited number of studies examining the molecular ecology of bovine MAP in the United States have been published. 1, 6 Recent subtyping research using AFLP analysis described 2 major groups with isolates from many US locales and various ruminant types. This previously published study used very similar AFLP methods and results analysis, however, the DNA extraction methods between the 2 studies were different. 6 The findings of this study, although targeted at a small subset of bovine isolates, closely reflect previously published results regarding the genetic diversity of MAP. 6 In this study, AFLP fingerprinting of bovine MAP isolates identified several clones and confirmed that the method can differentiate clones across dairy herds within a defined region. Among the isolates analyzed by AFLP in this study, it is evident that 1 major clone dominates MAP infections in these selected Minnesota dairy cattle. Profiles E and H were more often located in the extreme southeastern portion of Minnesota. This could be because of a larger proportion of isolates represented in this region, some aspect of MAP ecology or the environment (such as movement of animals, close proximity of herds, movement of other disease transmitting organisms, or the topography of the region). No record of animal movements was obtained for this study. There did not appear to be an association with region for the other profiles. More isolates from various counties in Minnesota and other states must be analyzed to verify the bovine M. paratuberculosis molecular ecology described in this study.
Results from the AFLP-generated dendrograms suggest that bovine MAP exhibits low genetic diversity. A limited number of AFLP fragments were generated from the isolates analyzed in this study, with a small proportion of those fragments demonstrating polymorphisms. The MAP AFLP fingerprinting generates much less diversity from the fragments produced and polymorphisms identified than the closely related organism M. avium (Amonsin, PhD Thesis, University of Minnesota, 2000) . It is probable that the genetic diversity of M. avium clones is far greater than that of MAP; this may also suggest a relatively recent evolution of MAP from M. avium.
The 56 dairy cattle isolates studied here do not necessarily represent MAP isolates from all dairy herds in Minnesota. These fingerprinting results also may not be representative of bovine MAP clonal populations in other US states. The isolates analyzed in this study, however, include herds with a variable number of animals and different locations within Minnesota. The isolate locations are similar to the distribution of dairy cattle in the state and also represent Minnesota dairy herds with clinical Johne's disease and herds voluntarily admitted into a statewide control and testing program.
Herd management practices differ across Minnesota dairy farms in general and in herds known to be infected with Johne's disease. Because of these differences, it is difficult to ascertain why MAP isolates resolve into different clones within this set of isolates. Environmental pressures may have caused some of the observed clonal differences. It appears, however, that many of the MAP infections in Minnesota dairy cattle originate from the same clone.
The discriminatory index for AFLP in this data set was moderately high at 0.70. This could be due to the low number of individual subtypes identified by the AFLP-selective primers. This discriminatory value may also be the result of an effective fingerprinting method for the type of isolates represented in this study. A larger sample size might result in an increased value of discrimination; however, a more discriminatory DNA fingerprinting method might be necessary for epidemiological studies in transmission. It was noted that AFLP of MAP isolates is a useful fingerprinting method but may be potentially difficult to standardize across laboratories. Moreover, satisfactory AFLP repeatability with MAP may require more than 2 reactions. A small percentage of the isolates gathered were not included in the study because they did not exhibit reproducible AFLP fingerprints. The quality of DNA extracted and subsequent processing for AFLP fingerprints were postulated to cause the discrepancies between the fingerprints. These exclusions could have introduced bias into the final distribution of clones. However, there was no evidence to suggest that these isolates were clustered in specific herds or regions. Further investigation is needed to clarify this issue.
The identification of 1 major clone and a limited number of polymorphic regions within the genome in this data set supports previous findings that bovine MAP exhibits low genetic diversity in the United States. 1, 6 Eradication of Johne's disease may be a future possibility with the identification of a novel molecular marker 8 
